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Section 1
INTRODUCTION AND SUMMARY

j l Fog in the surface layer both forms in situ and arrives there from
aloft. Both fog types have been numerically simulated (Oliver et al, 1978)
using a higher order closure turbulence model which includes radiational
transfer. In the first type, fog forms as nearly saturated air moves over
warmer water. The second fog type occurs when stratus, which forms during

the night from radiational cooling, subsequently lowers to the surface.

1 Stratus which may lower to the surface to produce fog has been

N observed to form by other than radiational cooling. For example, vertical
motion produced by horizontal convergence associated with coastal frictional

- ‘ effects can produce stratus. Also, the raising of the inversion above the
lifting condensation level by mesoscale vertical motion associated with warm
water patches can also produce stratus. The research reported here investigated
the feasibility of numerical simulation of these inversion rising fogs by
use of a single, well-mixed layer model in which vertical motions occur in

response to warm water patches.

_—

The original idea to simulate inversion rising situations arose from
a stratus/fog formation observed on 9 October 1976 off the California coast.
In this case, clear skies occurred with an inversion located at 100 m and
below the lifting condensation level (LCL). Subsequently, the inversion rose
Ty above the LCL and stratus and then fog formed. From the 1976 field study, it
was suspected that warm patches of ocean water, which are a few degrees Celsius
warmer than the air and whose areas are of the order of 100 sq km, were the

-~ cause of the inversion rise.

In the late 1960's, Calspan studied Lake Effect snow storms which
- occur as cold air under a 1 km high inversion flows over one of the Great

7 Lakes whose water is warmer than the air by 10-15°C and whose area is of the
order of 500 sq km. As part of that study, Calspan (Eadie et al, 1971)

utilized a numerical model (Lavoie, 1972) which simulated the rise in inversion

height caused by perturbation vertical motions produced by the heating from the
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lake. The similar scaling between the major parameters of the Lake Effect
storms and the inversion rise fog type suggested using the Lavoie model to

simulate that particular fog situation.

Phase I of this study, therefore, investigated the feasibility of
applying the Lavoie model to the inversion rise fog type. Cases were selected
in which the warm water patches were delineated in the DMSP IR data under
clear skies and the cloud patterns were observed in subsequent DMSP visual
data. For one case, whose synoptic situation fitted that which accompanies
inversion rising fogs, the correspondence between predicted and observed
small-scale cloud patterns was encouraging. For another case, the correspondence
between cloud patterns was not as good because the accompnaying synoptic situa-
tion was that which produces a large-scale fog stratus system along the

California coast.

With encouraging results from Phase I, Phase II of the program was
undertaken to 1) further investigate the applicability of the Lavoie model
to predicting fog/stratus in inversion rising situations; 2) incorporate
long wave radiation into the model; and 3) perform a sensitivity analysis on
the model. This report presents the results of Phase II and incorporates
those parts of the Phase I technical report (Rogers and Hanley, 1979) which

are required for this final report.

In Phase II, work was directed toward obtaining more information
about the meteorology of the situation which was being simulated. Activity
proceeded along two lines. One was a detailed case study of the 9 October
1976 situation, and the other was an attempt to find additional cases in
satellite data archives. The archive search, following the guidelines used
earlier for the DMSP data, was extended to the NOAA satellite data archives
located at the Satellite Data Services in Washington, D.C. This search showed
that in all cases for which satellite IR data were available under clear skies
on one day, only large-scale stratus cloud systems occurred on the succeeding
day. This result strongly suggested that the inversion rising fog situation

occurred only rarely, or very rapidly.
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In parallel with Phase II, Calspan personnel were working on a
contract for NavAir 370 in which detailed investigations of the synoptic

meteorology of fog episodes encountered on previous Calspan field trips were

m @ A W e

carried out. The case of 9 QOctober 1976 was thoroughly investigated as part
of both projects. Analysis showed that in about four hours the meteorological
conditions went from clear skies with the inversion at 100m and below the LCL

to cloudy skies with an inversion at 250m and above the LCL. During this
time period the synoptic scale pattern at 850mb in the area changed from the
center of a high pressure ridge to a col between high and low pressure pairs.

The total inversion rise of 150m over four hours probably represents the

change from a quasi-steady state associated with the ridge center to another

quasi-steady state associated with the col.

In the first three hours when the inversion was rising above the
LCL the inversion rise rate was 25m/hr. Numerical simulations with the
Lavoie model suggest an inversion rise rate from warm patch effects of ~S5m/hr.
Thus, only in the early stages when the inversion is just rising above the
LCL does it appear that cloud could be produced only downstream from the
warm patch. In a couple of hours the height rises from the changing synoptic
* scale flow pattern produces cloud over an area large compared to the warm
: patch area and overwhelms the effect of the warm patch on the inversion height

and the cloud formation.

© X The above analysis indicates that the time period during which
_Q‘ - the warm patch primarily produces the cloud pattern is relatively short.

; v . In addition the results of the satellite search and synoptic climatology
indicate that the frequency of occurrence of the inversion rising synoptic
situation is small. These facts taken together strongly suggest that the
absolute amount of time when the warm patch effect is important for stratus/

fog formation is very small.

Y |

In summary, a modified numerical framework was constructed from the
Lavoie model which is capable of simulating the effect of warm water patches
on the formation of stratus/fog during inversion rising situations. However,
we conclude that the operational utility of the model is limited because
the frequency of conditions during which the warm patch effect is important

is very small.
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'-4 Section 2
' FORMULATION OF THE LAVOIE MODEL

The Lavoie model consists of an upper and lower layer separated by
an inversion whose height is H. The prognostic equations are applied to the
well-mixed layer in which the wind, potential temperature and mixing ratio
are vertically homogeneous. Potential temperature may vary vertically in
the upper layer but the values remain fixed during the simulation. At the

inversion, there is a discontinuity in potential temperature. The value at

E 3 the base of the upper level, GL, is greater than 6 in the mixed layer. At
~ the top of the upper layer, Z, the potential temperature, ez, may be equal
to or different from BL. The difference between 8 in the mixed layer and the

mean temperature in the upper layer, 1/2 (GL + 92) governs the magnitude of
the inversion height change produced in a simulation. The larger the

O-difference, the smaller the increase in inversion height.

In deriving an expression for the pressure gradient in the well-
mixed layer, two non-perturbation terms appear which provide the large-scale
25'. pressure force: 1.) the pressure gradient at the top of the upper layer and
2.) the thermal wind in the upper layer. These parameters and the initial
wind field specify the large-scale framework within which the wind perturba-
tions arising from the warm patch are to occur. To focus simulations on the

effects of these wind perturbations, the initial acceleration is required to

< q be zero. Since both the initial wind and the large-scale pressure gradient
¥ are chosen to represent observed conditions, the thermal wind term must then
2 ; be computed so that the initial acceleration is zero.
y ¥
g Advective Coriolis Frictional Large Scale
N Term Term Force Pressure Force
+9 w3 v L 2P
: Tl -V-Vu + fv - CDRAG|V|u -y (1
j'é Perturbation Pressure Forces
‘t} ' Inversion Height Deformation Surface Heating
8. + 8
2 gL %z, oM gh 20
. g 10 — 1 % * 6 X
-~
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¥ . Fwv-fu-c l\ﬂv-l£+&_[g-gL+gz]Zﬂ+L”2£ (2)
3t DRAG o2y 8 2 2y 28 2y
Advective
Term Surface Heating
30 2 T
3% - VW * CHEAT““QSurface - 9) (3)
Advective Vertical Velocity
Term (Divergence) Term
dH _ = du  dv.
5= = -V-WH - H (55 * 5y (4)

Mathematically, the model has the form shown in Equations 1-4.
Initially, the advection term equals zero in Equations 1 and 2 and the coriolis
and frictional terms are specified by the initial velocity field. The direct
surface heating, computed from Equation 3, stimulates localized pressure
changes which produce acclerations (Equations 1 and 2) and a non-zero divergence
field. The last term in Equation 4 is the vertical velocity at the inversion
base, determined by the product of inversion height and divergence. This term
causes a change in the inversion height and extends the pressure perturbation
by altering the fraction of air beneath and above the inversion in the model.
The inversion height deformation term is included in subsequent computations

of acceleration in Equations 1 and 2.

2.1 Moisture

The prognostic equation for average water vapor content in the well-

mixed layer which has been incorporated into the Lavoie model takes the form

-
dr  _ ] COND
3w - Voir+ EVAP - =H (5)

.
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where r is the average mixing ratio for the layer, V 1is the horizontal wind

vector, H is the height of the capping inversion surface or the thickness of

the layer, and COND is the net condensation rate in a unit column of the

layer of mean density @ . EVAP is a parameterization of evaporation from

the water surface by the bulk aerodynamic method and is given by

) -
E CEl v .(rs-r)

EVAP = (6)

H

where the surface mixing ratio L is assumed equal to the saturation mixing

ratio at the ocean surface temperature, and CE is a drag coefficient for

evaporation assumed equal to a drag coefficient for exchange over the ocean.

The prognostic equation for the total mass of cloud water Q in

a unit columm of the layer is written

-—
2Q _ . vq+ conp %)
Ex . at

Cloud liquid water content was computed by dividing Q by the cloud depth

defined as inversion height minus lifting condensation level.

- : In addition, the potential temperature equation of the model

was modified by addition of a term accounting for the release of latent

heat of condensation. The potential temperature equation becomes

_@)

s

COND (8)

= .0
-
L -v-v0+cﬂlvl(s
3t —

$

+ L
C
P

where GS is the surface temperature, CH is a drag coefficient for heat

exchange, L is the latent heat of condensation, and Cp is specific heat

of air at constant pressure.

The condensation rate in a unit column of the layer can be

computed by assuming that liquid water is generated by the mesoscale updrafts

G G et bl My
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in a moist adiabatic process taking place between cloud base and the mean
cloud tops at the capping inversion surface. This can be expressed mathemati-

cally as H

4

dr
- - ] wdz (9
COND =

dr . . . . o . . .
where s is the derivative of saturation mixing ratio Ty with height Z,

dz
W = -ZV-V is the mesoscale vertical velocity predicted by the model, and C is
the cloud base height or lifting condensation level computed from r and @ .
If we now simplify the integral by assuming an appropriate mean value for %Ei ,
we obtain
COND = ® drs ‘v‘v_f“ 24z
- c
dz
— — 2 2
= - He-
Rodrg o7 EEE (10)
-_— 2
dz
-8 &, (HZ-CZ)
—— H - 2H
dz

—
where WH=-HV-V is the vertical velocity at the inversion surface H.

This procedure for condensation produced very small maximum values
of cloud liquid water, of the order of 0.05 g/m3 primarily because of small
vertical velocities. From our observations of marine fogs, we know that LWC
should be at least 0.10 g/m3 for young fogs and greater than that for stratus
clouds. Therefore, a parameterization of condensation which had been used in
application of the Lavoie model to Lake Effect snow storms to increase the

condensation was used. This formulation was

COND = -@ri,,. (11)

44/44
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Comparison of (11) to (10) shows that the two are dimensionally equivalent. The
values of cloud LWC computed from this formulation were too large, giving

maximum values of 0.7 g/m3 for a stratus cloud of ~100 m thickness.

Since incorporation of long-wave radiation into the model would have
to be by parameterization based on LWC, an adequate and suitable determination
of LWC was required. The condensation scheme used in Phase I had been designed
to simulate the deep convective clouds of Lake Effect storms and was inappro-

priate for the shallow stratus cloud systems found off the west coast.

2.2 Modifications to the Lavoie Model

Recognition that we were dealing with a shallow, turbulent layer in
which cloud forms as the air moves upward and evaporates as the air moves
downward led to the following model framework. Cloud liquid water was
diagnosed by assuming that cloud base was at the height of the LCL and that
above the LCL the air followed the pseudo-adiabatic process to the height of
the inversion. The total LWC of the cloud was taken as the difference
between the mixing ratio at the LCL and that at the cloud top. The LWC values
predicted by this scheme were of the proper magnitude, 0.1-0.3 g/ms.

Within this cloud modeling framework, the mean potential temperature
of the mixed layer, which is paramount in producing the perturbation accelera-
tions in the wind field, is seen to be a layer weighted mean involving both
the potential temperature below the cloud base (LCL) and the mean potential
temperature in the cloud layer. The potential temperature below the cloud
base was used to specify the temperature gradient between the air and the
water, which drives the heat flux. This potential temperature was increased
if the air was heated. Since the sub-cloud layer potential temperature is
also the temperature at the base of the cloud, an increase in the sub-cloud
layer temperature is transmitted to the mean cloud layer temperature. Thus,
over a warm patch, the mean potential temperature of the mixed layer increases
both from sensible heating of the entire layer and from the release of latent

heat in the cloud.

T e e S
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The model uses a threshhold value of upward vertical motion to
specify where cloud is present, and hence where the mean temperature is
influenced by latent heat. Using a threshhold value attempts to model an
effect of large-scale vertical motion on the mixed-layer cloud field, i.e.,
upward motion tends to increase while downward motion tends to decrease the

fractional cloud cover in a volume,

Cloud Liquid Water

The model assumes that the potential temperature and mixing ratio
are uniform from the surface up to cloud base and computes the lifting
condensation level from the mixing ratio and potential temperature. The
temperature at which the mixing ratio is the saturated value is computed
and then the height of this temperature is computed from the dry adiabatic
lapse rate. The pseudo-adiabatic process is assumed to operate at 0.5°C/100m
from the LCL up to cloud top at the inversion height and the saturation mixing
ratio at cloud top temperature is determined. The difference between the
saturation mixing ratio at the cloud bottom and cloud top is then the total
water content of the cloud; dividing by the cloud depth then provides the

mean liquid water content of the cloud

Liquid water is diagnosed only at those grid points at which the
vertical velocity is above a threshhold of +0.1 cm/sec. By requiring a
positive value of vertical motion for the existence of cloud in the model,
the model cloud pattern reflects the two-dimensional pattern of mesoscale
vertical motion generated by the warm patch. The value of +0.1 cm/sec is
arbitrary, but it is based on a qualitative assessment of the noise which is

present in the vertical motion fields generated by the model.

Mean Layer Potential Temperature

With the above framework the mixed layer beneath the inversion is made

up of a sub-cloud and cloud layer. The potential temperature and mixing ratio

in the sub-cloud layer are what really drive this model. The perturbation
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accelerations which disturb the inversion are caused primarily by heating of

the mixed layer driven by the gradient in 6 between the sub-cloud layer and

the water in the warm patch. These temperature increases and moisture

increases from evaporation determine the pattern of LCL height which is one
effect on the cloud liquid water content pattern, the other being the pattern

of inversion height deformation. The mesoscale vertical motion field generated
by the perturbation accelerations determines 1.) where the cloud will be located
through the 0.1 cm/sec threshhold and 2.) the pattern of the liquid water

content as controlled by variations in cloud top height (inversion height).

With both a sub-cloud and a cloud layer present, the mean potential
temperature in the acceleration equations must be a two-layer weighted mean
temperature in which the cloud layer temperature reflects the release of
latent heat. The cloud layer mean 6 is determined using a 0.5°K per 100 m

increase in potential temperature along the pseudo-adiabat.

New Model Equations

In this formalism, the equations of the model take the following
form. Where cloud is present as determined by the 0.1 cm/sec vertical
motion threshhold, 8 in Eq (1) and (2) is the two-layer weighted mean.
Qutside the cloud area 0 is the single, well-mixed layer 8. In Eq (3),

0 is the well-mixed or sub-cloud layer 6, whichever is appropriate. In

Eq (5), condensation is not considered a sink of vapor because of the
diagnosis of liquid water content. Similarly, condensation is not a source
of heat in Eq (8), this heat is taken account of in the computation of mean
© in cloudy areas. Equation 7 is elimated entirely, as are all equations

dealing with the computation of condensation, since cloud water is diagnosed.

Upstream Evaporation

The cloud field in this model is controlled by both evaporation and
inversion height change. Evaporation affects the magnitude of the LWC through
lowering the LCL. Initial values of LCL above the inversion, required a

10




LAt 4

v A gl S .
ot s 4‘& P I

il ¥

mixing ratio in the air which was less than that over the cold water. Evapora-
tion then took place into the air as it moved toward the warm patch. The
vertical motion threshhold for cloud formation was not exceeded until the air
reached the warm patch. At this point, the cloud base was instantaneously
lowered by evaporation which had been in operation for some time while only

a relatively small increase in inversion height and cloud top occurred.

Thus, evaporation having nothing to do with the warm patch, was dominating
the cloud field. To insure that the model cloud reflected only the presence
of the warm patch, upstream evaporation was eliminated by initializing the
cold water temperature so that the cold water mixing ratio matched that in

the air. This procedure usually produced a warm-water, col’d-water temperature
difference of 5°C, but the air-warm water temperature difference remained at

2°C, a value which corresponded to observations.

P e TAka 3 o




E— a— — w—rr
Section 3
RESULTS

3.1 Simulations as the Model Framework Evolved

It is instructive to compare the results of simulations as the
modeling framework evolved and the input procedures were changed. Figure 1
shows the model cloud simulation after 12 hours along with the observed cloud
pattern for the July 1977 case. The model framework used for this simula-
tion is the one described above. The model diagnoses the liquid water
content based on the 0.1 cm/sec vertical motion threshhold, this same
threshhold is used in computing a two-layer mean temperature, and the cold

water temperature is set to preclude evaporation upwind of the warm patch.

The correspondence between the simulated and observed cloud pattern
is good. The shapes of the simulated 0.1 g/m3 isopleth and the observed area
of broken cloud are very similar. In fact, if the observed pattern is shifted
60 km to the west, the two patterns match extremely well. In view of the
36-hour difference between the observations of the warm patch and the cloud
pattern and error in the geographical location of both the warm patch and

the cloud pattern, the match is remarkable.

The evolution of the model framework can be seen by considering
Figure 2 which shows the simulation obtained at the end of Phase I and the
one obtained after the first improvement under Phase II, diagnosing IWC
based on 0.0 cm/sec threshhold. The large liquid waters of the Phase I sim-
ulation have been eliminated but the cloud now extends a long way downstream
from the upwind edge of the warm patch in response to the downstream extension

of the vertical motion field.

Figure 3 compares simulations from this framework and one in which
the two-layer mean temperature was computed only where cloud was diagnosed.

The width of the cloud area shrinks a little bit as the vertical motion field

shrinks, but the downwind elongation in the cloud pattern remains.
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FIGURE 1 SIMULATED AND OBSERVED CLOUD PATTERNS, 5 - 6 JULY 1977
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FIGURE 2 COMPARISON OF SIMULATED CLOUD PATTERNS USING DIFFERENT
CONDENSATION SCHEMES
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p Figure 4 compares the siwulations between the new framework and the
' [ next improvement which was to eliminate evaporation over the cold water i
upwind of the warm patch. The downwind extension of the cloud pattern

T I (the 0.10 g/m3 isopleth) was reduced by 200 km.

The final change to the modeling framework was increasing the

vertical motion threshhold from 0.0 to 0.1 cm/sec in an attempt to have the
model cloud boundary better match the observed outer boundary of the broken
cloud area. The effect of this change is seen in Figures 5 and 1. The area
of the simulated cloud now becomes commensurate with the observed area, and
1 except for the displacement of 60 km to the west, nearly matches the observed

- N broken cloud area.

In summary, we have shown that the final modeling framework
- simulates the observed cloud pattern, although the effect of the mesoscale
motion on the cloud amount and the effect of the reduction of evaporation over

the cold water upwind of the warm patch are crudely handled.

3.2 Long Wave Radiation
' Long wave radiation was introduced into the model via parameterization
. ' since this model has no vertical resolution. The parameterization assumes
. net long wave flux at cloud top when the cloud becomes radiationally opaque.
Calspan observations in radiation fog at Travis AFB, CA (Mack and Pilie,
. : 1973) suggested that with a total column liquid water of 4 g the fog behaved
’;f . as a blackbody with the only region of net flux divergence located at fog

top. Oliver et al (1978) substantiated this value of total cloud water in

their simulations with a higher order closure model.

4

In the current model, radiational cooling is allowed to operate when

$

the total cloud liquid water reaches the 4 ¢ value. The cooling is computed
by assuming the net flux is given by 25% of the black body flux at the cloud
top temperature; this assumption allows for 75% back radiation from the sky.

As with the heating from the surface, this cooling is applied to the sub-

cloud layer potential temperature.
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With radiation in the model, the maximum mean liquid water content
l of .12 g/m3 for the July 1977 case increased by 0.003 g/m5 which for the cloud
depth of 33 m represents an increase of 0.10 g of total cloud water. The change
in LWC was due to lowering of the LCL of a few meters by radiational cooling,
since the mixing ratio in the sub-cloud layer did not change between the

simulations. Although the radiation parameterization in the model is crude,

it does produce the observed effect of lowering the cloud base,.
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Section 4
SENSITIVITY ANALYSIS

In the sensitivity analysis, initial and boundary conditions were
varied in order to study the response of the Lavoie model to measurement errors

in the input quantities. The parameters which were varied were:

1. Initial wind speed and direction

2. Initial inversion height

3. Temperature of warm water patch relative to initial air
temperature

4. Initial lifting condensation level which depends primarily

on initial air mixing ratio
5. Temperature of the cold water which controls evaporation

upwind of the warm patch.

A wind range of values was not used to test each variable and, therefore,
tables of output variables vs input parameters are not presented. However,
the comparison among a few simulations permits an assessment of the vari-
ability in results produced by changing an initial or boundary parameter.

All comparisons presented here are for steady state conditions.

4.1 Wind Speed

Since this model uses bulk equations for heat and moisture flux
at the ocean surface, the transfer rates are directly proportional to wind
speed. The maximum values of temperature and mixing ratio, which depend
on the surface flux do not change magnitude or location as the wind speed
is changed; rather, the time into the simulation at which these parameters
reach a given value changes. For example, halving the wind speed halves the
transfer rates, but the air takes twice as long to traverse a given distance
so that the total transfer is equal in the two cases. It just takes twice

as long to accomplish the transfer in the slower speed case.
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A change in wind speed also causes a rotation of the major axis
of the disturbance generated by the warm patch. Figure 6 shows the 0.10 g/m3
LWC isopleth (used in all the subsequent figures) from simulations in which
the wind speed was 5 and 10 m/sec. Notice that the major axis for the lower
wind speed case is rotated clockwise relative to that for the higher wind
speed case. This difference lies in the effect of the perturbation accelera-

tion field on the initial wind.

In the early portion of the simulation, the perturbation acceleration

field depends primarily on the heating and is essentially the same in both
cases. For the lower wind speed, this acceleration produces a greater wind
direction change and hence the larger rotation of the axis for the lower wind

speed.

4.2 Wind Direction

Figure 7 shows the two cloud LWC isopleths obtained when the initial
wind direction differed by 20°. The angular rotation between the major axes

of the patterns is 20°, the same as the change in initial wind direction.

An interesting difference between these two patterns is that the
more clockwise pattern (Case 2) is somewhat narrower and extends farther
downstream from the warm patch. In Case 2, the residence time of the air over
the warm patch is longer. The vertical motion field (not shown) is stronger
in Case 2, reflecting the increased intensity of the disturbance generated as

the warm patch affects the air longer.

The shape and orientation of the warm patch affects the resultant
cloud pattern. As seen in Figure 7, a 20° rotation in warm patch orientation
changes both the shape and extent of the cloud pattern. The amount of the
effect obviously depends on the axial symmetry of the warm patch. Orientation
of long, narrow patches relative to the wind direction will affect the cloud

pattern more than patches which are more nearly circular.

Figure 8 shows the effect of a 20° difference in wind direction

when the wind speed is smaller. Again, the angle between the two patterns

reflects the angle between the initial wind directions.
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4.3 Change in Initial Inversion Height

Changes in initial inversion height change the magnitude of heating
and mixing ratio increase, since in the mixed layer model any flux into the
layer is distributed uniformly throughout the layer. Thus, the shallower
the layer, the higher the heating and the larger the increase in mixing
ratio. Since the inversion height is changed by the vertical velocity, whose
magnitude depends on the layer divergence multiplied by the inversion, the
inversion height increase is directly related to the initial inversion height.
This relationship is not linear. As the simulation proceeds there is feedback
since the higher the inversion rises, the larger the inversion change is for

the same divergence field.

Before preceeding to the comparison of the various simulations, we
present a list of the quantities whose initial or maximun, steady-state values

appear in the following tables:

Initial Inversion Height - HI (meters)

Inversion Height Change - AH (meters)

Initial Lifting Condensation Level - CI (meters)

Lifting Condensation Level - LCL (meters)

Air Temperature Change - AT (°C)

Initial Mixing Ratio - RI (g/kg)

Mixing Ratio Change - AR (g/kg)

Saturation Mixing Ratio at Cold Water Temperature - RC (g/kg)
Mean Cloud Liquid Water Content - LWC (g/ms)

Divergence of Mixed-Layer Wind Field - DIV (xlO-6 sec_l)
Vertical Velocity - W (cm/sec)

Warm Water-Air Temperature Difference - TDELT (°C)
Initial Wind Speed - VI (m/sec)

Model Inversion Strength - (QL-O) (°K)

Unless otherwise indicated, the values used in the simulations are:

TDELT = 2°K
VI = 10 m/sec
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Air Temperature = 285°K

RI = 7.3 g/kg
RC = 8.9 g/kg
- °

OL-Q = 17K

Table 1 shows the maximum values of simulated quantities as a function
of initial inversion height. The increase in temperature and mixing ratio is
larger for the shallower layer. The inversion height increase (AH) is larger
in the higher inversion case which reflects the larger vertical velocity
driving the inversion change. The non-linearity in AH vs HI shows up with a

1.5 times higher inversion providing an almost three times larger AH. The LWC

is greater in the higher inversion case primarily as a result of the higher
inversion and cloud top. The convergence is greater in the higher inversion I
case probably because the inversion deforms more and the perturbations in the

wind field are larger.

Table 1
COMPARISON OF SIMULATIONS WITH DIFFERENT INITIAL INVERSION HEIGHTS

HI AH AT AR LCL LWC DIV W
360 50 0.8 1.67 5 .34 -12 0.4
200 18 1.0 1.90 0 .22 -9 0.2

The above comparison was for two cases in which the initial inver-
sion height was the only parameter which was changed between the two simulations.
We now compare two simulations in which the initial lifting condensation level,
along with the inversion height, was different. Table 2 shows the comparison
between these two simulations. This table has added to it the initial mixing
ratio of the air. Comparison of the second line of Tables 1 and 2 shows that
the only variable affected by the higher mixing ratio is the increase in
mixing ratio which is less since the gradient between air and water mixing

ratio is less.
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Table 2
COMPARISON OF SIMULATIONS WITH DIFFERENT INITIAL LIFTING CONDENSATION LEVELS

HI CI RI AH AT AR LCL DIV W

300 310 7.3 50 0.8 1.67 5 -12 0.4

200 210 7.7 18 1.0 1.51 0 -9 0.2
4.4 Different Warm Water Temperatures

Table 3 shows the maximum output values for simulations which used
Doubling the

The

air-water temperature differences of 2 and 4°C, respectively.
temperature difference doubles the temperature increase in the air.

non-linearity of the model again shows up as doubling the temperature difference

almost triples the inversion height increase. The divergence also increases

non-linearly. The temperature increase doubles in direct proportion to the
doubling of the difference between the warm patch temperature and the air
temperature. The mixing ratio change increases by 30% in proportion to the

change in mixing ratio over the warm water.

Table 3
COMPARISON OF SIMULATIONS WITH DIFFERENT WARM PATCH TEMPERATURES

HI TDELT AH AT AR LCL LWC DIV W
300 2 28 0.8 1.62 36 .31 -10 0.3
300 4 80 1.6 2.14 24 .38 -29

Notice the small change in 1ifting condensation level between the
two simulations. This change is the net result of two competing influences.
The warmer temperature raises the inversion while the increased mixing ratio

lowers it; the net result in this case is to lower it slightly.
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4.5 Different Wind Speed

Table 4 shows maximum output values for two simulations in which
the wind speed was different. Values for the slower speed case are for a
simulation run for twice as long as the higher speed case. Differences
occur in the parameters related to the wind perturbations. As mentioned
in the earlier discussions, the initial accelerations are roughly the same
so that the weaker wind speed experiences larger relative acceleration and
larger perturbation winds. Therefore, the divergence, vertical velocity,
and AH are larger. The larger AH is reflected in the slightly larger liquid

water content in the slower wind speed case.

Table 4
COMPARISON OF SIMULATIONS WITH DIFFERENT INITIAL WIND SPEED

VI HI AH AT AR LCL LWC DIV W
10 300 15 0.8 .99 168 13 -4 0.1
5 300 31 0.8 .99 168 .14 -9

4.6 Different Lifting Condensation Level

Table 5 shows the effect of a different lifting condensation level
which is related to the difference in air mixing ratio. The only difference
is the increase in mixing ratio change which is directly related to the

increased gradient in mixing ratio between the air and the ocean.

Table 5
COMPARISON OF SIMULATIONS WITH DIFFERENT INITIAL CONDENSATION LEVEL ONLY

CI RI HI AH AT AR LCL LWC DIV W
210 7.7 200 18 1.0 1.50 6 .22 -9
310 7.3 200 18 1.0 1.88 9 .21 -9
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4.7 Elimination of Upstream Evaporation

As mentioned earlier, one of the problems encountered in these

simulations was with the evaporation from the cold water upwind of the warm

patch. The procedure used to eliminate that effect was to lower the cold
water temperature such that its saturation mixing ratio was equal to or less

i than the initial mixing ratio in the air. Table 6 shows the effect of this
‘ procedure on the simulations. As in the previous section, only thuse variables

‘ directly related to the moisture are affected by this change. The L’L is

P

higher and the AR is lower when the evaporation upwind of the warm patch is

1 eliminated. Similarly, the cloud liquid water is smaller since the LCL is
i higher.

B Table 6

COMPARISON OF SIMULATIONS WITH DIFFERENT COLD WATER TEMPERATURES
RC RI HI AH AT AR LCL LWC DIV W
8.88 7.30 300 28 0.8 1.67 11 .31 -10 0.3

' ' 7.30 7.30 300 28 0.8 1.01 .65 .15 -10 0.3

. -

4.8 Different Inversion Strength in the Model
E . Table 7 shows the results of two simulations in which the inversion
t;? strength in the model was changed from 1 to 3°C. The only difference is a
¢ -
» ‘ very slight decrease in AH for the more stable, stronger inversion case.
:q .-
i Table 7
& COMPARISON OF SIMULATIONS WITH DIFFERENT INVERSION STRENGTH
I QL-Q HI AH AT AR LCL LwC DIV W

+ S
?‘ 1 300 20 0.8 1.60 31 .28 -6

]

: I 3 300 17 0.8 1.60 31 .28 -6 0.2
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